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Abstract 
 In this work, Pt nanoparticles were electrodeposited through cyclic voltammetry 
technique on three dimensional nanoporous gold, which was prepared by chemical 
de-alloying of Au-based metallic glass precursor in the form of ribbon. The 
electro-catalytic properties of the as-prepared samples were tested through potential 
cycling towards methanol oxidation in alkaline solution. Current density plots vs scan 
numbers indicate that the electrodes are active for the electro-oxidation of methanol 
and the Pt electrodeposited on gold ligaments contributes in increasing catalytic 
properties. In particular, results indicate that nanoporous gold with 30 cycles Pt 
electrodeposition exhibits competitive higher activity and longer durability towards 
methanol electro-oxidation. 
 
 
1. Introduction 
     
  Nanoporous metals have gained interest in the recent years thanks to their easy route 
of fabrication and versatile properties. Fabrication implies usually a de-alloying 
process: a less noble constituent of an precursor alloy is dissolved, while the noble 
metal atoms diffuse at the metal-electrolyte interfaces to form 3D interconnected 
open-pore structure[1,2]. De-alloying can be chemical when performed in suitable 
electrolytes of acids or bases depending on the starting alloy, or electro-chemical when 
the chemical de-alloying is assisted by an external potential supply. This process has 
been dealt with in a number of papers, most of them involving solid solution of binary 
systems[3], metastable eutectics[4]or metallic glasses precursors[5,6] leading to 
nanoporous metals of different elements including gold[7,8], copper[9,10], silver[11] 
and iron[12]. When de-alloyed from metallic glasses precursors, the nanoporous metal 
possess many active sites which involved the nucleation and growth compared with 
crystalline alloy counterparts[13]. Recently the advantage of de-alloying an amorphous 
precursor instead of a crystalline one has been underlined, demonstrating that the 
germination of crystals from the amorphous matrix and their impingements create a 
knobby and irregular ligaments with defects and retained atoms aiming to improve 
catalytic and activities properties[14]. Furthermore nanoporous metals can be tailored 
in size by tuning properly etching condition such as temperature, concentration and 
type of the electrolyte and time of treatment.  
 
  In order to decrease the greenhouse gas emissions, direct methanol fuel cells 
(DMFCs) have recently received much attention[15,16]. Because of its high energy 
densities and low operation temperatures, DMFCs will be one of the promising 
alternative sources to replace conventional fossil power[17,18]. However, the 
carbon-supported Pt electro-catalyst exhibits high electro-catalytic properties towards 
the methanol oxidation, but easy to lose its efficiency due to the poisons of CO 
species[19,20]. On the other hand, the Au electro-catalysts displayed long durability in 
fuel cells because of the inhibition of the CO species poisons[21]. Nanoporous Au 
fabricated through the de-alloying methods exhibits high promising applications in 
electro-catalysis due to their particular interconnected bicontinuous nanoporous 
structure with large surface area and fast ionic transport[22–24]. Due to the 
improvement of catalyst activity and selectivity of bimetallic nanostructured 
materials[24], Ding’s group fabricated bimetallic Pt-nanoporous Au catalysts by 
immersion-electrodeposition technique to load uniformly Pt on nanoporous Au 
de-alloyed from AuAg alloy, which exhibited much better performance than 
commercial Pt/C towards methanol electro-oxidation under the similar platinum 
utilization values[25,26]. Xiao et al obtained hybrid Pt-Au catalysts by electroless 
deposition Pt on nanoporous Au fabricated by de-alloying Au50Ag50 alloy, which 
greatly enhance the efficiency of Pt usage and improve the intermediate species 
tolerance compared with pure Pt electrode. However, here bare nanoporous gold (NPG) 
does not have any reactivity for methanol oxidation, acting solely as a scaffold for the 
deposited Pt, that is the real catalyst [27]. 
 In this work, we introduced a novelty and a huge improvement in the catalytic 
activity of electrodes for methanol oxidation: the novelty resides in our NPG, prepared 
by chemical de-alloying of a metallic glass precursor that is itself a good catalyst for the 
reaction [30 cross ref. Maria’s paper]. Activity of NPG is originated by the defective 
and nano-grained structure of ligaments, peculiar when de-alloying an amorphous 
precursor. The improvement is reached with Pt nanoparticles deposited by cyclic 
voltammetry technique on NPG surface. Their contribution in increasing further the 
electro-catalytic properties towards methanol oxidation results from synergic effects 
between the nanoporous Au core and Pt shell structure. 
 
 
2. Experimental: 
  
  An Au20Cu48Ag7Pd5Si20 master alloy was prepared by arc melting the pure elements 
(Au: 99.99%, Ag, Cu, Pd: 99.99%, Si: 99.9995%) in Ti-gettered Argon atmosphere. 
The ingot was melted by induction in a quartz crucible of a melt-spinning apparatus and 
rapidly solidified onto a rotating copper wheel at a linear speed of 25 m/s. The thickness 
of the resulting amorphous ribbon is around 20 μm and the width is around 2 mm. 
Samples of 15 mm in length were cut from the ribbon. 
 Chemical de-alloying of the as-spun ribbons was conducted in mixture of 10 M 
HNO3 and 0.5 M HF at 70 °C for 4 hours, conditions optimized in previous works 
[28,29]. After chemical de-alloying, the de-alloyed samples were deeply rinsed with 
distilled water. On nanoporous gold, Pt nanoparticles were electrodeposited using 
cyclic voltammetry (CV) technique in an electrolyte solution of 0.7 mM H2PtCl6 and 
0.5 M H2SO4 from -0.2 to 0.5 V vs. Ag/AgCl with a scan rate of 20 mV/s for 5 and 30 
cycles respectively. 
 The surface morphology of de-alloyed samples was investigated by scanning 
electron microscopy (SEM) before and after de-alloying and electrodeposition and their 
compositions were checked by energy dispersive X-ray spectroscopy (EDS). The 
average size of ligament was measured at their narrower necks using a Leica 
software[6]. The structure of the materials was studied by X-ray diffraction (XRD) 
using Cu Ka wavelength in Bragg-Brentano mode. 
 Electrochemical measurements were performed with an Autolab workstation. A 
conventional three-electrode configuration set up was used, an Ag/AgCl (saturated KCl 
solution) electrode as the reference electrode, platinum foil as the counter electrode and 
the as-prepared samples as working electrode respectively. Before testing, the 
as-prepared samples were activated for 1 hour in concentrated HNO3 and rinsed in 
de-ionized water for 15 minutes. The working electrode was scanned for up to 10 cycles 
until the electrode was stabilized at a scan rate of 20 mV/s in 0.5 M KOH solution. The 
active electrochemical surface area was calculated according to the literature[27] and 
the current densities were normalized by making use of the electrochemical active 
surface area of each electrode. The electro-catalytic activity and the durability of the 
as-prepared samples were tested by performing 100 and 300 cycles at room 
temperature in 0.5 M KOH and 5 M CH3OH solution. Electrolytes were freshly 
prepared from chemical grade reagents and Milli-Q deionised water (18.2 M ). 
 
3. Results and discussion 
 
Self-standing nanoporous gold (NPG) suitable as electro-catalytic electrodes was 
fabricated by chemical de-alloying in a mixture of 10 M HNO3 and 0.5 M HF at 70°C 
for 4 hours from the Au20Cu48Ag7Pd5Si20 metallic glass precursor, which was selected 
because it was monolithic phase with homogeneous composition and structure and the 
resultant ligaments were composed of multiple crystals [13]. After chemical 
de-alloying, the SEM image of NPG shown in Fig.1a reveals a uniform nanostructure 
composed of nanopores and ligaments with average size of around 60 nm. Ligaments 
present the typical features resulting from de-alloying of an amorphous precursor .i.e. a 
rough and knobby surface constituted by several grains of nanometer size impinged 
together (see inset Fig.1a); such a morphology, in particular, has been proved having 
high electro-catalytic activity, compared with ligaments of similar size but fabricated 
from a crystalline precursor, thanks to retained atoms of Ag and Pd and 
under-coordinated sites due to surface kinks and originated by grain boundaries of 
impinged crystals during de-alloying process[30,31].  
 
XRD pattern demonstrates the formation of face-centered cubic (fcc) Au from the 
amorphous state after chemical de-alloying at 70°C for 4 hours (Fig.S1). Lattice 
parameter measured by a Rietveld refinement is close to that of pure Au within the 
experimental error. EDS performed on the NPG surface samples shows traces of Pd and 
Ag [29], not affecting the lattice parameter. On de-alloyed nanoporous gold, Pt 
electrodeposition was achieved by cyclic voltammetry technique in an electrolyte 
solution of 0.7 mM H2PtCl6 and 0.5 M H2SO4 from -0.2 to 0.5 V vs. Ag/AgCl for 5 and 
30 cycles (Fig.S2). The reduction peak around -0.1V can be assigned to the Pt reduction 
at the NPG/electrolyte interface. After 5 cycles Pt electrodeposition, the oxidation peak 
of Au around +0.25V decreases, demonstrating the tiny Pt nanoparticles formed on the 
ligament surface (Fig.1b). Since the Pt electrodeposition is a crystal nucleation and 
growth process, the platinum ions are electro-reduced under the applied electric field to 
atoms, then absorbed and assembled on the gold ligament surface; in first stages, 
deposition starts occurring preferentially on steps or kink sites over other sites[26,32], 
then it spreads on the surface. With the increase of cycling, the oxidation peak of Au 
continues to decrease. After 30 cycles (Fig.1c), small Pt nanoparticles cover the top 
surface of Au ligaments without reaching a full coverage; at this stage, Pt nanoparticles 
are not coalesced. From the EDS measurement, the Pt content after 30 cycles 
electrodeposition can reach 4.77 at. %. 
 
Figure 1. SEM images of (a) the Au20Cu48Ag7Pd5Si20 (at.%) ribbon after chemical de-alloying in 10 M 
HNO3 + 0.5 M HF at 70 °C for 4 hours. Samples Pt deposited on nanoporous gold in 0.7 mM H2PtCl6 
and 0.5 M H2SO4 with scan rate of 20 mV/s for (b) 5 cycles and (c) 30 cycles. Insets show the 
corresponding high magnification images.  
 
After Pt electrodeposition, the electrochemical behaviors of the as-prepared 
samples were checked by cyclic voltammetry (CV) scans in 0.5 M KOH aqueous 
solution for 10 cycles (Fig.2a). The results suggest the occurrence of various processes 
due to their different amount of Pt loading. The formation of Au oxides around +0.25 V 
is apparent for all samples[33], which also confirms the SEM results that the 
electrodeposited Pt nanoparticles are not fully covered the nanoporous gold ligaments 
surface after 30 cycles. Furthermore, the Au oxides reduction peak around -0.12 V to 
+0.18V in the reverse scan shifts negatively and decreases after Pt electrodeposition. 
After 5 cycles of Pt electrodeposition, the hydrogen adsorption/desorption peaks from 
Pt are observed ranging from -0.8V to -0.6V and the reduction peak of Pt oxides around 
-0.5 V to -0.25 V appears, which confirms the occurrence of Pt electrodeposition. After 
30 cycles of Pt electrodeposition, the hydrogen adsorption/desorption peak and 
reduction peak of Pt oxides increase. We also performed CV scans in 0.5 M H2SO4 
aqueous solution which confirms this phenomena (Fig.S3). 
 
 To study the electro-catalytic properties, the as-prepared samples was measured 
towards methanol electro-oxidation under the same measurement conditions. On 
nanoporous gold, the onset potential towards methanol oxidation is around -0.3 V and 
two well-defined oxidation peaks around 0.0 V and 0.3 V were observed towards 
methanol oxidation (Fig.2b), which is consistent with the methanol electro-oxidation 
catalyzed by nanoporous gold to formate ions in the potential range from -0.1 V to 0.4 
V [34,35]. Bare NPG itself is active as catalyst for the reaction. A sharp increase in 
current density can be observed above 0.45V, consistent with the methanol 
electro-oxidation to carbonates above this potential. Compared with NPG electrode, the 
as-prepared Pt modified NPG electrodes exhibited a broad primary oxidation peak in 
the forward scan involving the electrochemical oxidation of methanol molecules to 
CO2 and the secondary oxidation peak during the reverse scan relating to further 
oxidation of the carbonaceous intermediates[26]. After 5 cycles Pt electrodeposition, 
the onset potential towards methanol oxidation on Pt modified NPG started at about 
-0.7 V, 400 mV more negative than that of NPG, which is similar to that of 
Pt-functionalized nanoporous gold bowls[36], indicating that the bi-metallic 
nanostructured Pt deposited on NPG can immediately facilitate the electro-oxidation 
reaction of methanol. The broader primary oxidation peak can be observed ranging 
from -0.7 V to 0.4 V and the oxidation current density is about two times higher than 
that of NPG (Fig.2a). Compared with 5 cycles Pt electrodeposition, the area towards 
methanol electro-oxidation increases after 30 cycles Pt electrodeposition. This result 
could be attributed to the synergistic catalytic function of the Pt nanoparticles and 
uncovered NPG[36,37]. Firstly, the electro-catalytic abilities toward methanol 
oxidation of Pt nanoparticles and NPG are both very strong, the intermetallic 
interaction between Pt nanoparticles and NPG providing larger number of active sites 
for higher electro-catalytic activity. Secondly, the chemisorbed OH
-
 anions on the 
uncovered gold ligament sites would assist the oxidation of CO-like intermediates[38] 
and the poisoned Pt was regenerated to take part in the oxidation of methanol. During 
the forward scan OH
-
 anions are strongly chemisorbed on the porous surfaces forming 
oxidized species working as intermediate in the oxidation of methanol and promoting 
further oxidation of carbonaceous intermediates accumulated on Pt nanoparticles 
[25,27,39]. The density functional theory calculations suggested the gold atoms 
surrounding Pt atoms in the bi-metallic nanostructure can oxidize the CO-like 
intermediates or providing oxygenated species, which may partially release the CO 
poisoning effect[26]. Furthermore, previous literature has shown that the ratio of the 
forward anodic peak current (If) to the reverse anodic peak current (Ib), If/Ib, could be 
used to evaluate the catalyst tolerance to carbonaceous species accumulation[26,27]. 
A high If/Ib indicates good oxidation of methanol to carbon dioxide during the anodic 
scan and lower accumulation of carbonaceous resides on the catalytic surface. A low 
If/Ib ratio shows the converse case. The ratios for NPG, Pt deposited for 5 cycles and 
Pt deposited for 30 cycles are 5.01, 1.54 and 1.1 respectively, larger than that of 
commercial Pt/C catalysts[40], which demonstrated that NPG de-alloyed from 
metallic glass precursor can suppress the formation of CO-like poisoning species. 
With the occurrence of Pt electrodeposition, more Pt nanoparticles cover the gold 
ligament surface, the ratio If/Ib decreases and more carbonaceous intermediates are 
oxidized during the reverse scan. 
 A deeper comparison of If/Ib ratio with literature data is however difficult due to 
the different experimental conditions. It is indeed reported [35 cross ref.], that the 
sweep rate, the type of electrolyte and methanol content affect the electro-oxidation of 
the molecules at the NPG electrode. In particular, since the first stages of reaction are 
mediated by a slow rate process of OH
-
 chemisorption on NPG surface, a slow scan 
rate is favorable to the electro-oxidation reaction; nevertheless when the slower is the 
scan rate, the smaller is the peak corresponding to the gold oxide reduction in the 
negative-going potential sweep with consequence to the If/Ib. The ratio is then also 
affected by the content of methanol in the electrolyte being the amount of ethanol 
directly correlated with the oxidation current density. Finally the acidic or the basic 
environment for experiments is important being the pre-oxidation state of NPG 
surface more favored in a basic solution instead of an acidic one. Those remarks are 
extended to Pt deposited NPG samples, where Au active sites synergically improve 
tolerance to carbonaceous intermediates reducing poisoning of Pt sites during 
electro-oxidation reaction.  
              
Figure 2. CV curves of as-prepared samples in (a) 0.5 M KOH and (b) 0.5 M KOH + 5.0 M CH3OH with 
a scan rate of 20 mV/s, normalized with geometrical surface area. 
 
The electrochemical stability of the as-prepared samples was investigated by 
performing multiple CV cycles in 0.5 M KOH+5 M CH3OH solution. For NPG sample, 
the normalized current density decreased rapidly and reached values below 0.3 
mA/cm
-2
 after 100 cycles (Fig.3a) because of the progressive coverage of Au active 
sites by oxidized species of less noble elements, especially Cu, a trace due to 
de-alloying coming from the inner ligaments and diffused in the top layer during the 
upward scan[30]. For sample of NPG with 5 cycles Pt electrodeposition (Fig.3b), with 
the potential cycling the area of methanol electro-oxidation reaction decreases and the 
ratio If/Ib increases quickly, which indicates that the nanostructured bimetallic Pt-NPG 
catalyst loses their electro-catalytic activity towards methanol electro-oxidation and 
more gold ligament surfaces expose to the electrolyte. After 100 CV cycles the 
normalized current density is still 0.75 mA/cm
-2
. For sample of NPG with 30 cycles Pt 
electrodeposition (Fig.3c), the normalized current density reaches 0.81 mA/cm
-2
 after 
100 CV cycles. With the potential cycling the area of methanol electro-oxidation 
reaction decreases. And the ratio If/Ib increases to 2.73 after 100 CV cycles, which 
demonstrating a better tolerance to carbonaceous poisoning. Having the best catalytic 
activity, NPG with Pt electrodeposited by 30 CV cycles was selected for a longer check 
of stability, performing up to 300 CV cycles and monitoring the decreasing of the 
current density. After 300 cycles the normalized current density reaches 0.66 %, 
demonstrating the good stability of Pt modified NPG electrode towards methanol 
electro-oxidation in alkaline solution (Fig. S4).  
Figure 3. The electrocatalytic performance of as-prepared samples was tested for 100 cycles with a scan 
rate of 20 mV/s in 0.5 M KOH+5 M CH3OH solution (a) NPG, (b) NPG/Pt 5 cycles and (c) NPG/Pt 30 
cycles. (d)The maximum current density in the selected CV scans is normalized with respect to the 
maximum value of the first scan and reported as a function of the number of cycles. 
 
 After electrochemical testing towards methanol electro-oxidation for 100 cycles, 
the as-prepared samples were investigated by SEM which was shown in Figure 4. The 
SEM images reveal the surface roughening of NPG (Fig.4a) and NPG with 5 cycles Pt 
electrodeposition (Fig.4b) during potential cycling, which is associated with the rapid 
diffusion of gold atoms at chemically active surface steps[41], therefore resulting in the 
loss of active surface area and the electrochemical activity of the electrode. For NPG 
with 30 cycles Pt electrodeposition, after 100 potential cycling, Pt nanoparticles 
coalesce into bigger nanoparticles, exposing the NPG substrate which loses the 
electro-catalytic activity (Fig.4c). The SEM images are consistent with our 
electrochemical characterization. Their results verified the synergistic catalytic 
function of Pt and NPG towards methanol electro-oxidation, and NPG with 30 cycles 
Pt electrodeposition exhibits higher activity and longer durability.  
 
 Figure 4. SEM images of the as-prepared samples after electrochemical testing in 0.5 M KOH + 5 M 
CH3OH solution for 100 cycles (a) NPG, (b) NPG/Pt 5 cycles and (c) NPG/Pt 30 cycles. Insets show the 
corresponding high magnification images. 
 
 
 
 
4. Conclusion 
 
 In this work, nanoporous gold prepared by de-alloying of an amorphous precursors 
was electrodeposited with Pt nanoparticles through cyclic voltammetry technique. 
Nanoporous gold, prepared in the form of ribbons, are free-standing and mechanically 
stable with a three dimensional bicontinuous structure of nanopores and ligaments of 
60 nm average size; Pt nanoparticles are in the range of tens of nm and are wide 
spread on the ligament surface of nanoporous gold. The electro-catalytic properties of 
the as-prepared samples were tested through potential cycling towards methanol 
electro-oxidation in alkaline solution demonstrating activity for reaction even before Pt 
deposition. The bi-metallic nanostructured Pt-NPG can catalyze the methanol oxidation 
ranging from ranging from -0.7 V to 0.4 V due to the synergistic intermetallic 
interaction for enhanced catalytic performance and durability. Stability of the 
electrodes was furthermore proved by performing multiple CV cycles and results 
indicate that NPG with 30 cycles Pt electrodeposition exhibits higher activity and 
longer durability maintaining the 66 % of the normalized current density respect to 
the first cycle after 300 cycles. In conclusion, the synergistic effects between the 
nanoporous Au core, prepared by de-alloying an amorphous precursor, and Pt shell 
structure electro-deposited on ligaments contribute to the increase of electro-catalytic 
performance in terms of current density, stability and activity.  
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